Transition metal dichalcogenides (TMDs) such as MoS 2 have attracted a great deal of attention in the two-dimensional (2D) materials community. Due to the presence of a direct band gap, monolayer TMDs are uniquely suited for optical exploration of the valley degree of freedom including the optical selection rules 1, 2 and valley Hall effect (VHE) 3, 4 . In the meantime, the research of graphene, an older member of the 2D material family, has achieved significant breakthroughs since its discovery 5 . For example, graphene grown by chemical vapor deposition (CVD) has been shown to have mobility 6 up to and spin life time up to 12 ns 7 .
Recently, TMD/graphene heterostructures that take advantage of unique properties of both have gained considerable research interest. Unlike conventional thin film heterostructures, TMD/graphene is formed with atomically thin layers stacking on each other via the van der Waals (vdW) interaction. The atomic flatness of these thin layers promotes strong proximity effects that modify material properties or give rise to novel interfacial phenomena. The semimetallic nature of graphene reduces or eliminates the notorious Schottky barrier between direct TMD/metal contacts, which is desired for probing the electrical properties of TMD 8 . Conversely, the strong spin-orbit coupling (SOC) and associated spin-valley coupling in TMDs allow manipulation of spin degree of freedom in graphene. Indeed, a series of recent studies has shown that TMD can introduce strong SOC into graphene [9] [10] [11] [12] [13] . For example, MoS 2 /graphene can act as a logic spin valve which can be switched on or off by tuning the Fermi level positions 14, 15 . Spin polarization in graphene can be generated by optically pumping the neighboring MoS 2 16, 17 .
Although most of those works focus on the effects arising from the TMD-graphene interface, a third layer, e.g., the hexagonal boron nitride (h-BN), is often included in the heterostructures for various purposes. For example, when the h-BN is adjacent to graphene, it does not introduce much Coulomb scattering 18 as SiO 2 does so that the mobility of graphene is greatly enhanced 19 .
As a capping layer, h-BN prevents TMDs such as WSe 2 from degrading in ambient conditions.
In addition, h-BN functions as a highly efficient dielectric medium, which is proven critical to dual-gating bilayer graphene to demonstrate the VHE 20 , and is important to a newly proposed bilayer graphene based spin valve 21 . In spite of many obvious benefits that h-BN brings to TMD/graphene heterostructures, the relatively strong vdW interaction between h-BN and graphene can adversely affect the interaction between TMD and graphene. For example, a recent work 13 reported that the stacking order of the layers is important, as weak antilocalization PL in monolayer TMD is much stronger than in multilayer TMD due to the direct band gap in the former 22 . However, when monolayer TMD is in intimate contact with graphene, the PL response is nearly quenched [23] [24] [25] , as illustrated in Figure 1a . Due to the charge transfer between TMD and graphene, if the coupling is strong, the excited electron-hole pairs in TMD quickly recombine through the non-radiative channel due to graphene's semi-metallic Dirac bands 25 . As a result, the radiative recombination of the electron-hole pairs that produces the PL is greatly suppressed. On the contrary, when the TMD is not in intimate contact with graphene, as illustrated in Figure 1b , the charge transfer is significantly blocked owing to the much-increased interlayer distance between TMD and graphene which results in a much reduced tunneling probability. In other words, graphene just acts as an independent transparent layer and the PL in TMD is largely unaffected. Therefore, PL quenching can be conveniently used as an indicator of the interlayer distance between TMD and graphene. To show a quantitative comparison between the PL data from the bubbled and flat regions in the same SiO 2 /graphene/WSe 2 /h-BN heterostructure, we display both in Figure 1e . The solid curve is the PL spectrum averaged over the bubbled region shown in red in Figure 1f , and the dashed curve is the PL spectrum averaged over the flat region shown in blue in Figure 1f , the intensity of which differs by a factor of 40. Since the graphene directly under the bubbles is separated from WSe 2 by roughly ~10 nm 12 , the strong PL is similar to that in SiO 2 /WSe 2 /h-BN.
In contrast, the PL from the flat region is greatly suppressed. This stark contrast reveals that it is the intimate contact in the flat region of the SiO 2 /graphene/WSe 2 /h-BN stack that leads to the strong PL quenching effect. Therefore, the PL quenching in monolayer TMD can serve as an indicator of strong interlayer interaction and consequently the strong induced SOC in graphene.
Next we discuss the properties of the stack with the reverse order, i.e., SiO 2 /WSe 2 /graphene/h-BN, in which graphene is sandwiched between WSe 2 and h-BN. Figure   2a shows such a sample assembled by first picking up graphene with an h-BN flake and then transferring both together onto a monolayer WSe 2 island grown on SiO 2 by CVD. Figure 2b shows the PL mapping from three regions containing graphene (below the dot-dashed line), no graphene (above the dot-dashed line), and a multilayer WSe 2 seed (blue).
First, the PL contrast between SiO 2 /WSe 2 /h-BN and SiO 2 /WSe 2 /graphene/h-BN regions, i.e., across the dot-dashed line, is much lower compared with that in Figure 1d , indicating a much smaller quenching effect due to the presence of graphene. In addition, the multilayer seeding area (blue) clearly distinguishes itself from the monolayer area, due to the direct vs. indirect band gap of WSe 2 . The greatly reduced PL from this multilayer area serves as a low intensity reference.
Clearly, the relatively low contrast between WSe 2 /h-BN and WSe 2 /graphene/h-BN regions is not caused by any overall reduction of the PL intensity, e.g., the opacity of the graphene and h-BN flakes. Therefore we conclude that the PL quenching effect is indeed much weaker in the WSe 2 /graphene/h-BN stack, even though WSe 2 is adjacent to graphene.
The relatively low contrast between the two regions is more clearly visualized in Figure 2c -e.
The same data are re-plotted with three intensity ranges: ( Figure 2f shows the PL spectrum averaged over the colored regions in Figure 2c and Figure 2d .
The PL intensity from WSe 2 /graphene/h-BN is only reduced by 20% from that in WSe 2 /h-BN without graphene which has the maximum PL intensity. As discussed earlier about Figure 1 , when graphene is below WSe 2 , the PL is nearly quenched. The great contrast in PL intensity between the two stacks suggests a significant role that the stacking order plays in the PL emission of WSe 2 .
A natural explanation of the much-reduced PL suppression in the WSe 2 /graphene/h-BN is that the interlayer interaction between WSe 2 and graphene is much weaker than that in the graphene/WSe 2 /h-BN stack due to an increased interlayer distance in the former. To verify this assumption, we fabricate devices from the stacks and investigate the magneto-conductance (MC) effect in WSe 2 /graphene/h-BN, which depends on the acquired SOC in graphene and therefore should be very sensitive to the interlayer interaction 11 . We conducted the measurements under the same condition as that in our previous work in devices with the opposite stacking order 12 . Figure 3a shows the MC data taken on the device carved from the lower-left region (WSe 2 /graphene/h-BN) of the sample shown in Figure 2a at different hole densities. The WAL signal is very small compared with the universal conductance fluctuation (UCF) signal and random noises. To enhance the WAL signal-to-noise ratio, we have performed the ensemble averaging within a small carrier density range 26 and symmetrization about the zero magnetic field. The WAL signal is clearly discernable (the narrow blue region in the middle). Moreover, the carrier density dependence of the WAL feature shows a similar trend to that found in previous studies 11, 12 , i.e., the height of the central peak decreases as the carrier density approaches zero, accompanied by peak broadening. However, the absolute magnitude of the WAL feature is much smaller ( ) compared to SiO 2 /graphene/WSe 2 /h-BN stacks 12 ( ), suggesting that the induced SOC in graphene is indeed much smaller and the interlayer interaction between graphene and WSe 2 is much weaker.
Representative WAL curves for different carrier densities are shown in Figure 3b . We fit the curve at the carrier density of according to the established procedure 27 .
From graphene conductivity, we obtain the momentum relaxation rate of . By fitting equation (9) in ref. 27 to our MC data, we extract the inter-valley scattering rate , the spin relaxation rate , and the dephasing rate .
Since is the largest among all other relaxation rates, the assumption for equation (9) in ref.
27 is satisfied. The mobility ( ) and the dephasing rate of this device are approximately the same as those shown in the previous work 12 , but using the same fitting procedures, the obtained spin relaxation rate is at least four times smaller at the same carrier density. The induced SOC strength in graphene calculated for the Dyakonov-Perel (DP) mechanism 28 is approximately , at least a factor of two smaller than that in the graphene/WSe 2 /h-BN stack 12 , indicating weaker SOC strength when graphene is adjacent to h-
BN.
Both the PL quenching and induced SOC suggest that the TMD-graphene interlayer interaction in the two stacks with opposite orders is very different, which may be caused by the physical distance between the two layers 11 . The relatively stronger vdW interaction between graphene and h-BN can pull graphene away from the WSe 2 and therefore increases their interlayer distance. Below, we examine the interlayer distance between WSe 2 and graphene in these two stacks by first-principles calculations.
To clarify the correlation between the stacking sequence and the interlayer distance, density In summary, we have studied the interlayer interaction between TMDs and graphene in two different vdW heterostructure, graphene/WSe 2 /h-BN and WSe 2 / graphene/h-BN, by PL mapping and MC measurement. We find strong PL quenching exists in the former stack while the PL only quenches weakly in the latter stack. We attribute this difference to the increased interlayer distance between WSe 2 and graphene caused by the h-BN in the latter stack. This is further corroborated by much-reduced WAL and extracted SOC which is supported by the first principles calculations. We show that the PL quenching can be utilized as a convenient tool to infer the magnitude of the proximity effect between graphene and monolayer TMDs. Rashba SOC extracted from relaxed WSe 2 /graphene (left) and WSe 2 /graphene/h-BN (right).
